The intrachain magnetic interaction and the electronic structure of Sr 3 NiIrO 6 are investigated by performing the first-principles density functional calculations. The results show that the interaction between Ir and Ni is antiferromagnetic in each quasi-one-dimensional chain. More importantly, the GGA+ U calculations hardly reproduce the insulating characteristics of Sr 3 NiIrO 6 in the region of reasonable correlation parameter. Interestingly, the spin-orbit coupling ͑SOC͒ together with the electron-electron correlation ͑GGA+ SOC+ U͒ can lead to the insulating characteristics of Sr 3 NiIrO 6 . This provides apparent evidence that Sr 3 NiIrO 6 belongs to a new category of insulator: SOC induced Mott insulator. © 2010 American Institute of Physics. ͓doi:10.1063/1.3360339͔
Recently, 4d and 5d transition metal oxides ͑TMOs͒ have attracted much interest because of their unusual properties that are different from the ones of 3d TMOs. [1] [2] [3] [4] [5] [6] In this context, it is of interest to investigate the magnetic and electronic properties of Sr 3 NiIrO 6 . This compound consists of ͓NiIrO 6 ͔ ϱ chains running along the c axis of hexagonal unit cell, with alternating, face sharing IrO 6 octahedral and NiO 6 trigonal prisms in each chain. Owing to the complex magnetic behaviors, [7] [8] [9] the nature of intrachain magnetic interaction is still a matter of controversy: Nguyen et al. 8 suggested a ferromagnetic coupling, while Flahaut et al. 9 suggested an antiferromagnetic one. Moreover, the understanding of its electronic structure is also far from satisfactory. Although a transport measurement has revealed the insulating characteristics of Sr 3 NiIrO 6 , 8 which category of insulator ͑band insulator, Mott insulator, or others͒ it belongs to is still unclear due to the coexistence of a 3d transitional metal ͑TM͒ atom ͑Ni͒ and a 5d TM atom ͑Ir͒. The controversial intrachain magnetic interaction in it brings us great interests and further investigation of its electronic structure is highly necessary. To the best of our knowledge, there are no theoretical reports yet. Therefore, we expect to get an insight into the properties of Sr 3 NiIrO 6 upon our theoretical efforts.
Electronic structure calculations were performed using the self-consistent full potential linearized augmented plane waves package WIEN2K ͑Ref. 10͒ within density functional theory. The lattice parameters and atomic positions used in the calculations were taken from literature. 8 For the exchange and correlation potentials, we adopted the recently developed generalized gradient approximation ͑GGA͒ form of Wu and Cohen.
11 Local-orbital extensions were included in order to treat the upper core states and to relax any residual linearization errors. The Muffin-Tin sphere radii of 2.32, 2.17, 2.0, and 1.78 a.u. were chosen for the Sr, Ni, Ir, and O atoms, respectively. We set R MT K MAX = 7.0 ͑R MT is the smallest Muffin-Tin sphere radius present in the system and K MAX is the truncation of the modulus of the reciprocal lattice vector͒ and G MAX =14 ͑G MAX is used to truncate the planewave expansion of the potential and density in the interstitial region͒. The cut-off between core and valence states was chosen as Ϫ7.5 Ry. A 4 ϫ 4 ϫ 4 k-mesh was used for integrations over the Brillouin zone. In order to take into account more explicitly the correlated motion of the electrons, we performed GGA+ U calculations. The doublecounting correction is of a fully localized limit type. 12 Spinorbit coupling ͑SOC͒ was incorporated using the secondvariational method with scalar wave functions, where all states below 5.5 Ry were included.
To investigate the intrachain magnetic interaction in Sr 3 NiIrO 6 , we have carried out a series of calculations with parallel ͑P͒ and antiparallel ͑AP͒ spin configurations of NiIr: GGA, GGA+ U and GGA+ SOC+ U͑U Ni =5 eV, U Ir =0 −4 eV͒. Interestingly, all of them converge to AP configurations, indicating an intrachain antiferromagnetic ͑IAFM͒ interaction between Ni and Ir ions which is consistent with the result obtained by Flahaut et al. 9 Therefore, the results presented in the following parts of this paper are all associated with IAFM state.
The electronic density of states ͑DOS͒ within GGA is shown in Fig. 1 . The Fermi level is located in both Ni 3d and Ir 5d bands with no more than 1 eV width, which is consistent with the system being quasi-one-dimensional. In the approximately octahedral crystal field, the Ir 5d manifold splits into lower t 2g and upper e g states. A large splitting of about 3 eV results in a low spin Ir 4+ . Under the trigonal crystal field of elongation, the t 2g orbitals splits further into one a 1g and two degenerate e g Ј orbitals. One should note that the a 1g orbital is of lower energy than the e g Ј orbitals in down-spin channel, not in accord with the pure crystal-field theory. Two factors may lead to such an abnormal relative order of a 1g -e g Ј. One is the e g -e g Ј hybridization effect invoked a͒ Author to whom correspondence should be addressed. Electronic mail: zzeng@theory.issp.ac.cn.
by Landron and Lepetit to explain the relative order of t 2g orbitals in CoO 2 layers. 13 Since the e g and e g Ј orbitals belong to the same irreducible representation ͑E g ͒, they can thus mix despite the large t 2g -e g energy difference. Such a mix together with the on-site Coulomb repulsions can result in opposite effect with the crystal effect. 13 When the e g -e g Ј hybridization effect dominates, the abnormal relative order of a 1g -e g Ј occurs. The other is similar to the band Jahn-Teller effect proposed by Khomskii and Mizokawa to interpret the orbital occupancy in MgTi 2 O 4 ͑Ref. 14͒: one gain much more kinetic energy when a 1g band is nearly fully filled and e g Ј is partially filled than if two e g Ј bands are both fully filled.
The hybridization with O 2p leads to Ir 5d-O 2p bonding and antibonding bands which range from Ϫ6.3 to Ϫ5.1 eV and from Ϫ1.7 to 0.0 eV, respectively. The intensity of Ir 5d is almost similar in these two regions. Comparatively, Ni 3d states contribute more to Ni 3d-O 2p antibonding band ͑Ϫ1.8 to 0.0 eV͒ than to the bonding band ͑Ϫ6.1 to Ϫ2.4 eV͒. The difference clearly demonstrates the stronger Ir 5d-O 2p hybridization due to larger radial extension of the 5d orbitals compared with the 3d orbitals.
Since the GGA calculations cannot reproduces the insulating characteristics of Sr 3 NiIrO 6 , the consideration of onsite Coulomb interaction among the d electrons is expected to improve the situation. Thus, we performed the GGA+ U calculations with U Ni = 5 eV and U Ir =0-4 eV. However, we cannot get an insulating solution even with U Ir = 4 eV. As shown in Fig. 2 , the Fermi level is still pinned in the doubly degenerate e g Ј states, although the large electron-electron repulsion results in a gap in Ni 3d states. One may doubt whether U Ir = 4 eV is large enough for opening a gap in Ir 5d states. Hence, the ratio of Coulomb interaction U to bandwidth W is inspected. It is well known that one-band systems with U / W exceeding a critical value a bit larger than unity ͑ϳ1.5͒ are believed to be Mott-Hubbard insulators 15 and such a critical value is enhanced by a factor ͱ N for a half-filled system with orbital degeneracy N. 16 Clearly, U Ir = 4 eV considerably exceeds the critical U / W, in view of the narrow band near the Fermi level with width smaller than 1 eV and its twofold degeneracy. Thus, GGA+ U calculations hardly reproduces the insulating characteristics of Sr 3 NiIrO 6 in the region of reasonable correlation parameter.
Nevertheless, the insulating nature of Sr 3 NiIrO 6 can be obtained by further including the SOC. Since the SOC constant of 5d TMOs is about 0.3-0.4 eV, 17 which is much larger than that of 3d TMOs ͑ϳ20 meV͒, 18 it is natural to consider SOC as a candidate responsible for the insulating nature of Sr 3 NiIrO 6 . In order to examine the effect of SOC, we carried out the GGA+ SOC+ U calculations with U Ni = 5 eV and increased gradually U Ir from 0 eV. As a result of the combined action of both on-site Coulomb interaction and SOC, a small band gap arises near the Fermi level as shown in Fig. 3 where U Ir = 2.4 eV. Actually, even a quite small U Ir of 0.5 eV can open such a gap ͑not shown here͒. This provides apparent evidence that Sr 3 NiIrO 6 belongs to a new category of insulator: SOC induced Mott insulator ͑SO-CIMI͒. To understand the origin of SOCIMI, we consider simply the SOC matrix elements within the spin-down e g Ј subspace. In the coordinate system with z axis along ͓NiIrO 6 ͔ ϱ chains, the degenerate e g Ј orbitals can be written by 19 e g Ј:
We take linear combinations between A and B to obtain the following new set of functions:
e g Ј:
͑2͒
Within the spin-down e g Ј subspace, the SOC matrix element Based on the detailed electronic properties, it is easy to understand the origin of IAFM interaction between Ni and Ir ions. Due to the large e g -t 2g splitting of about 3 eV as shown in Fig. 1 In summary, we investigate the intrachain magnetic interaction and the electronic properties of Sr 3 NiIrO 6 via the first-principles density functional calculations. The results of all the calculations ͑GGA, GGA+ U , GGA+ SOC+ U͒ show that the interaction between Ir and Ni is antiferromagnetic in each quasi-one-dimensional chain. Such an antiferromagnetic coupling originates from the Ir 5d-O 2p-Ni 3d superexchange interaction. However, GGA and GGA+ U calculations cannot reproduce the insulating characteristics of Sr 3 NiIrO 6 . Interestingly, the SOC together with the electronelectron correlation ͑GGA+ SOC+ U͒ can lead to the insulating characteristics of Sr 3 NiIrO 6 . This provides apparent evidence that Sr 3 NiIrO 6 belongs to a new category of insulator: SOCIMI.
